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The complexation of alkali metal ions with amphiphilic fullerene derivatives has been
investigated by matrix-assisted laser desorption/ionization (MALDI) time-of-flight (TOF)
mass spectrometry. The formation of analyte ions occurs via two competing mechanisms
including electron transfer from matrix-derived ions and metal ion attachment. The interplay
of these processes has been examined by laser fluence dependent sample activation and by
variation of the target composition. The attachment of metal ions has been established as the
gentler and thus more efficient route towards the formation of intact analyte ions. Investiga-
tions into the metal ion complexation have been conducted to reveal the reactivity order of the
alkali metals in these reactions and to elucidate the influence of structural differences of the
analytes, as well as to unravel effects caused by the anionic counter ion of the metal. The
experimental data have been derived by two complementary approaches. Competing reactants
were either studied simultaneously, so that the product distribution would provide direct
insight into the reactivity pattern, and/or product distributions were obtained in a large
variety of separate experiments and normalized for reliable comparison. It has been found that
the extent to which complexation is observed follows the charge density order of the alkali
metal ions. The structural features of the fullerene-attached ligands were of profound influence
on the attachment of the metal ion, inducing enhanced selectivity for the complexation with
less reactive metals. The metal ion attachment is reduced with the use of smaller anionic
counter ions. Rationalization of these findings is provided within the framework of the
mechanisms of ion formation in MALDI. (J Am Soc Mass Spectrom 2002, 13, 1448-1458) ©
2002 American Society for Mass Spectrometry
The chemistry of fullerene-based compounds hasexperienced tremendous developments in recentyears [1, 2]. The spherical fullerene core repre-
sents a unique geometrical feature which enables the
creation of three-dimensional molecular architecture
with tailor-made material properties. Research into
potential applications in material sciences is most prom-
inently conducted in areas covering the design of new
electronic and optical devices, chemical sensors, and
polymers [3]. Water-soluble fullerene derivatives have
also paved the way for investigations into biological
applications. The effective inhibition of HIV-1 protease,
anticancer activity in photodynamic therapy, and the
development of tracer compounds for radiotherapy and
medical imaging are some examples of fullerene mod-
ification for biological uses [4, 5]. The compounds
studied in this investigation are depicted in Figure 1a
and b. In these materials the hydrophobic C60 moiety is
methylene-bridged to a long-chained, hydrophilic li-
gand, which results in molecules with amphiphilic
properties. Amphiphilic fullerenes have gained atten-
tion as potential biosensors by exploiting their ability to
form stable, ordered monomolecular layers and Lang-
muir-Blodgett films [6, 7].
Most chemical modifications of the fullerene cage
lead to multiple ligand additions and to the formation
of isomers. Progress in fullerene chemistry has been
therefore inevitably connected with the availability of
methods for a reliable analysis of trace amounts. In this
context, mass spectrometry has been the most success-
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fully applied analytical tool. However, most derivatized
fullerenes are thermally labile solids of only low vapor
pressure. Therefore the use of more conventional ion-
ization methods is often prevented, as heating is ap-
plied to the transfer of the analyte into the gas phase. As
a consequence, “soft” ionization methods that allow a
gentler gas phase transfer, such as electrospray ioniza-
tion (ESI) and MALDI, have been more appropriate for
the analysis of these materials. However, both ESI and
MALDI afford a certain adaptation for the analysis of
derivatized fullerenes. The use of ESI has been partic-
ularly successful when the experimental parameters
were adjusted for using the ESI source as an intrinsic
electrochemical cell [8]. Under these conditions, the
formation of ions occurs through electrochemical oxi-
dation or reduction [9, 10]. The use of nanoflow-ESI has
reduced the amount of sample required for the analysis
[11].
The application of MALDI has been greatly im-
proved through the evaluation of matrix materials
suited for the analysis of the respective fullerene-based
compounds [11–15]. For most organic fullerene deriva-
tives the ion formation in MALDI seems to involve
predominately electron transfer, leading to positive
and/or negative molecular ions rather than to proton-
ated and/or deprotonated species.
The present investigation examines in detail ion
formation through metal ion attachment to amphiphilic
fullerenes. Recent MALDI experiments have revealed
that for these compounds metal ion attachment may
efficiently compete with electron transfer, even without
metal ion doping of the target [16]. To achieve more
insight into the attachment process, particular metal
ions are deliberately added to the target in the form of
a salt layer. Enhancing our understanding of metal ion
attachment in MALDI is, in principle, of great analytical
value. The MALDI analysis of polymers and dendrim-
ers is almost entirely based on ion formation via the
attachment of metal ions to the analyte and the exper-
imental parameters influencing the determination of
molecular weight distributions are of current concern
[17]. Due to their importance in related MALDI appli-
cations, the present approach focuses on the use of the
alkali metal ions. The metal ion attachment is examined
here by a variety of different MALDI experiments. The
metal ions were provided for each fullerene analyte
through salt layers of the individual alkali metals.
Insight into the ion formation dynamics has been ob-
tained in MALDI experiments at different fluences of
the incoming laser light. MALDI of the individual
analytes has been conducted applying salt layers with
different metal ion combinations. Furthermore, the
competition between the two analytes for the attach-
ment of a particular metal ion has been studied using
equimolar analyte mixtures. Finally, possible counter
Figure 1. The structures of the amphiphilic fullerene derivatives and the matrix compound (a)
Analyte 1 (M  1114 g/mol), (b) Analyte 2 (M  1047 g/mol), (c) Matrix, DCTB (M  250 g/mol).
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ion effects have been investigated by variation of the
anionic component of the salt.
Experimental
Instrumentation
The experiments have been performed using a time-of-
flight (TOF) mass spectrometer composed of ion source,
linear flight tube, and quadratic-field reflectron
(Kompact MALDI IV, Kratos Inc., Manchester, UK).
Earlier investigations detailing different applications of
this instrumental set-up, for the study of fullerene-
related materials, can be found elsewhere [18–21]. The
ion source operates a nitrogen laser at an ultraviolet
wavelength of 337 nm with a pulse width of 3 ns and
frequency 1.5 Hz. All mass spectra were recorded in
positive-ion-reflectron mode, applying a continuous
acceleration voltage of 20 kV. For each individual mass
spectrum two hundred single laser shot events were
accumulated at constant laser fluence. The sample
holder was moved prior to each individual laser shot to
ensure activation of a pristine target area. The collected
data were averaged and viewed in electronically pro-
cessed form. Calibration of the mass spectra was per-
formed using C60 and C70 fullerenes. The laser fluence
as an experimental parameter will be different for
different instrumental setups and is therefore given in
arbitrary units (following the Kompact MALDI IV read-
ing) throughout the text.
The error bars plotted in Figures 5, 7, and 8 represent
the standard deviation,  of the mean values.
Sample Preparation
The amphiphilic analytes were synthesized as de-
scribed in the literature [6] and dissolved in toluene at
a ratio of 1 mg analyte per 1 ml of solvent. DCTB
(trans-2-[3-{4-tert-Butylphenyl}-2-methyl-2-propenyli-
dene]malononitrile, whose structure is shown in Figure
1c) was supplied by Fluka (Buchs, Switzerland) and
used as the matrix. DCTB was recently introduced as a
matrix material for MALDI with derivatized fullerenes
[15] and comprehensive screening experiments includ-
ing some fourteen common matrices revealed DCTB as
the best performing matrix for this purpose [16]. DCTB
was dissolved in toluene at a concentration of 1 mg per
ml. Both analyte and matrix solution were freshly
prepared and combined to a molar matrix-to-analyte
ratio of 1000:1 [16]. To produce the salt layers, the alkali
halides (Sigma Aldrich, Gillingham-Dorset, UK, 99.9%
purity) were dissolved in methanol as 0.001 molar
solutions (for solubility see [22]).
Target Preparation
The homogeneity over a large surface area of the
sample is a major concern regarding reproducibility in
MALDI [23]. To prevent unwanted effects caused by
inconsistencies of the target preparation, all MALDI
targets were routinely prepared in the following way.
The sample holders (stainless steel slides) were thor-
oughly cleaned using dichlorobenzene followed by
acetonitrile, acetone, and finally methanol. A layering
method, as applied to the MALDI cationization of
polymers [17–21, 23, 24], has been adopted. Bottom
layers of homogenous appearance were obtained by
depositing the salt solutions from a 10 L syringe onto
the initially heated sample holder, ensuring quick evap-
oration of the solvent. The clear white salt layer was
allowed to dry completely before the matrix/analyte
solution was deposited at room temperature, prevent-
ing decomposition of the thermally labile analyte. After
fully coating the salt layer, the sample holder was dried
in a cold air stream, leaving a dense matrix/analyte
layer on top of the salt layer underneath.
Results and Discussion
Cation Attachment to Fullerene Derivatives
The laser activation of targets composed of an analyte/
matrix layer on top of an alkali salt layer leads to
efficient attachment of the respective alkali metal ion to
both fullerene analytes. Typical spectra obtained for
Analyte 1 are shown in Figure 2a, b, c, d, and e for the
whole series of alkali chloride cations. The appearance
of the MALDI spectra of Analyte 2 was very similar.
Alkali metal ion attachment to crown ether-ligated
fullerenes has been achieved in earlier ESI experiments
by spraying of presumably preformed adduct ions [25].
The present experiments, however, represent the first
successful attempt using MALDI to analyze derivatized
fullerenes through gas phase metal ion attachment. It
can be assumed that attachment occurs predominately
through interaction of the fullerene ligand with the
metal ion.
In principle, one also has to consider metal attach-
ment to the fullerene core. Complexes of bare metal ions
with pure fullerenes are thermodynamically stable spe-
cies and were in fact experimentally observed [26–28].
However, the stabilization of metal ion/fullerene com-
plexes has been achieved through the release of excess
energy during complex formation. However, similar
effects can be discounted for the present experiments on
the basis that no metal ion attachment could be
achieved in MALDI experiments for which the analyte
was pure C60. Furthermore, it will be shown later that
the structure of the fullerene ligand strongly affects the
metal ion attachment, also indicating that the interac-
tion between ligand and metal ion is crucial for the
complex formation.
In addition to the desired metal ion/analyte signal,
the MALDI spectra (Figure 2a, b, c, d, and e) contain
several other features indicative of processes which
accompany the attachment. The origin of the signals of
the bare metal ions will be addressed in later discus-
sion. The attachment of metal ions that were initially
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provided through the salt layer has been observed in all
experiments. However, in some of the spectra there is
clear evidence for the attachment of metals that were
not deliberately provided. The intended formation of
the sodiated analyte is accompanied by potassium
attachment (Figure 2b) and, vice versa, the anticipated
formation of the potassium complex (Figure 2c) shows
competition of sodium attachment. Most dramatically
seen is this effect on using a cesium salt layer (Figure
2e), revealing the abundant coformation of both sodi-
ated and potassiated analyte complexes. The origin of
these metals is either through impurities of the salts,
solutions, or glassware. The efficient attachment of
metal ions initially available in such minor amounts
indicates substantial differences for the efficiency of the
attachment of the different metals. Therefore, when
considering in later experiments the competition of the
different alkali ions, the metal ions were loaded onto
the target holder in excess and in equal quantities.
A further intriguing observation is the appearance of
the molecular cation radical of the analyte. Unlike the
metal ion complexed analyte, this species represents the
odd electron molecular ion of the analyte. This ionized
analyte is not likely to result as a major fragment from
dissociation of the metal ion complexed analyte. Al-
though the ionization energy of the analyte is not
known, it can be assumed that it is not substantially
different from the ionization energy of C60 itself (7.6 eV)
[29] which is substantially higher than the ionization
energies of the alkali metals [30] (IE[Li]  5.38 eV;
IE[Na]  5.12 eV; IE[K]  4.34 eV; IE[Rb]  4.16 eV;
IE[Cs]  3.90 eV). As a result, charge transfer from the
metal ion to the analyte is unlikely to occur. The most
likely origin of the molecular cation radical of the
analyte is thus through electron transfer involving
matrix-derived ions. This in turn provides a unique
opportunity to investigate metal ion complexation and
electron transfer as the two competing mechanisms for
the formation of ions from the same analyte.
Laser Fluence Dependency of Ion Formation
The threshold behavior of the various ions detailed
above has been investigated as a function of the laser
Figure 2. MALDI spectra of the Analyte 1 obtained with different alkali chloride salt layers: (a) LiCl,
(b) NaCl, (c) KCl, (d) RbCl, (e) CsCl.
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fluence applied to the activation of the target, in order
to obtain insight into the mechanistic aspects governing
ion formation [31]. A representative set of data is given
in Figure 3 for the analysis of Analyte 1 using a NaBr
salt layer.
The first ion observed upon increasing the laser
fluence is the metal cation Na (m/z 23). Neither cation
attachment at m/z 1137 nor the molecular cation radical
(m/z 1114) could be detected at low fluences (Figure 3a).
To ensure that this finding was not caused by incom-
plete coverage of the target holder, the same sample
area was activated at a higher laser fluence, whereby all
the expected ions could be observed. At slightly higher
fluences the signal corresponding to the attachment
appears at m/z 1137 (Figure 3b) and becomes more
abundant as the laser fluence is further increased (Fig-
ure 3c). This succession of events is probably caused by
the minuscule amounts of analyte on the target. Only
after sufficient amounts of the analyte were desorbed
into the gas phase could attachment efficiently occur.
Eventually, at even higher fluences, the molecular cat-
ion radical of the analyte is formed (Figure 3d). Exper-
iments with other salt layers gave similar results. De-
tailed MALDI investigations into the cationization of
biological samples [32] and polymers [33] have pro-
vided ample evidence for metal complexation to occur
predominantly in the gas phase, rather than reflecting
the desorption of preformed ions from the solid. In
recent MALDI experiments it has been possible to
distinguish gas phase complexation and ion preforma-
tion for cationized crown ethers [34]. Although the
preformation of ions cannot be ruled out entirely in the
present case, the method of sample preparation would
not necessarily promote the preformation of the metal
adduct ions, as the analyte/matrix layer was applied on
top of the dried salt layer by using a solvent (toluene) in
which the alkali salts have only low solubility. The
finding that the molecular analyte ion is only observed
at relatively high laser fluences indicates that metal
attachment, as achieved in the present experiments, is
in fact the “softer” approach towards ion formation.
Furthermore, none of the spectra contained metal-
adduct fragments composed of the metal ion and the
fullerene ligand or moieties thereof. This can be taken as
a further indication of a rather “soft” formation of the
metal ion/analyte complex. If fragmentation of the
complex occurred, the bare metal ion signal would
represent the only discernible product of this decompo-
sition. The most likely route of the molecular ion
formation is by electron transfer from the ionized
matrix and/or possible fragments thereof [35–37]. Ma-
trix derived ions were always observed in spectra
showing the molecular analyte ion. Although the ion-
ization energy of DCTB is not known, comparison with
structurally related molecules suggests that charge
transfer from the ionized matrix should be energetically
feasible.
Metal Ion Attachment Competition
To investigate the competition between the alkali metal
ions for the attachment to a given analyte, all metals
have been provided both in excess and as equimolar
quantities of all individual salts in the bottom layer.
Along with the metal ion attachment, the intensities
of the “naked” cations were also recorded in these
spectra. In all cases the relative abundances of the bare
metal cations followed the same trend, namely: [Cs] 
[Li]  [Rb]  [K]  [Na]. Except for Li, this
sequence of bare metal ion intensities would be ex-
pected considering the lattice energies of the crystals
[30]. The larger the cation, the smaller the lattice energy
and hence the easier is the release of the cation from the
crystal. The “abnormal” behavior of Li cation is prob-
ably related to its very high hygroscopicity. During the
sample preparation using Li-salts, it was occasionally
observed that the salt would not simply dry when
applied to the heated sample holder, but would smear
out when brought to room temperature, probably
caused by the incorporation of atmospheric water. The
high hydration energies [30] of the small Li cations
could result in a much more pronounced hydration
Figure 3. MALDI spectra recorded at increasing laser fluence (a–d). Analyte 1: DCTB (1:1000)
layered on top of NaBr. All spectra have been normalized to the respective base peak.
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than for the other metal ions. Arguably, the actual
extraction energy from the hydrated crystal layer
should be much less than the energy necessary to
extract a Li cation from an ideal crystal.
Initially a salt layer was used that contained all alkali
metal chlorides (Figure 4a). The attachment of Li was
that most abundantly observed, with only minor attach-
ment of the other metals. To determine the attachment
behavior of the other cations, the experiment was
conducted without the LiCl component (Figure 4b). The
most intense attachment was now with Na followed
by K, Rb, and Cs. Finally, the use of a salt layer
composed of only K, Rb, and Cs chlorides in equimolar
amounts (Figure 4c) confirmed the [A-Li]  [A-Na]
 [A-K]  [A-Rb]  [A-Cs] order. The same
sequence was also obtained with Analyte 2.
The abundances for the bare metal ions Na, K,
Rb, and Cs is thus exactly the reverse of the abun-
dances of the respective analyte/metal ion complexes.
These data clearly indicate that the efficiency of the
cation attachment is not primarily linked to the gas
phase concentration of the metal ion. This observation is
also true for Li. In experiments with Li as a minor
component in the salt layer, leading to a less abundant
Li signal compared with other bare alkali metal ions,
analyte complexation with Li was still observed as the
most prominent attachment. Similar observations have
been made during the MALDI analysis of dendrimers,
where certain minute metal ion impurities led to abun-
dant complexation [38]. These findings clearly under-
line that the most important factor determining the
attachment ion intensity relates to the intrinsic metal
ion affinity of the analyte, rather than to the concentra-
tion of the cation in the MALDI plume.
Indeed, the attachment order follows the charge
density of the metal ion and thus its polarization power,
as well as its electron affinity. These quantities strongly
influence the cation affinity to the derivatized
fullerenes. Li is the smallest ion with the highest
charge density and electron affinity. It thus possesses
the highest polarization power considering purely elec-
trostatic interactions. It is therefore reasonable to assume
Figure 4. MALDI spectra of Analyte 1 with equimolar alkali chloride mixtures. Metal ion component
in the salt layer: (a) All alkali cations Li to Cs, (b) Na to Cs (Li missing), (c) K to Cs (Li and
Na missing).
1453J Am Soc Mass Spectrom 2002, 13, 1448-1458 ALKALI CATION ATTACHMENT
that Li will have the highest affinity towards the
fullerene derivatives. In fact, the observed intensity order
corresponds to the intrinsic affinity of the bare alkali metal
ions that was, for instance, observed for the complexation
with crown ethers in the gas phase, as opposed to compl-
exation in solution which follows a different sequence
caused by solvation of the ions [34, 39].
The experiments just discussed offer the relevant
metal ions simultaneously through the salt layer and
therefore provide direct insight into the different attach-
ment efficiencies. However, the same metal ion se-
quence has been corroborated by a careful comparison
of individual experiments using only single salt layers
(Figure 2). Caused by inherent reproducibility prob-
lems, the absolute intensities of ions obtained in MALDI
can differ quite substantially from experiment to exper-
iment. To allow direct comparison of individual ion
abundances in different experiments, the intensity of
the metal ion attachment signal was normalized to all
the major analyte-derived signals. Bearing in mind that
the two major routes of the analyte molecule include
formation of the adduct ion, ionization through electron
transfer and possible subsequent fragmentation into
C60





where [A] represents the intensity of the molecular ion
of the analyte and [AY] the intensity of the attached
species. [C60]
 compensates for the loss of initially
formed molecular ions A by fragmentation. The at-
tachment fraction F represents a normalization which
links all the major ions derived from the analyte and
produced by both ion formation routes. It thus allows
the comparison of different experiments independent of
the respective absolute ion intensities. The attachment
fraction F showed only slight deviations over a rela-
tively large range of laser fluences, while the intensity
of the C60
 fragment increases as a function of the laser
fluence (due to fragmentation). This behavior indicates
that the C60
 fragment arises in fact from dissociation of
the molecular analyte ion rather than from decomposi-
tions of the metal ion/analyte complex.
Figure 5 displays the attachment fraction F obtained
for the individual alkali metals as derived from analysis
of the single salt layer experiments. Over a wide range
of activating laser fluences, the same metal ion sequence
is obtained as F[A-Li]  F[A-Na]  F[A-K]. The
attachment fractions obtained for Rb and Cs also
follow the same sequence established above, but were
too low to allow a meaningful display in Figure 5.
Analyte Competition for Metal Ion Attachment
In order to reveal the competition between two analytes
for the attachment of a particular metal ion, the two
analytes were studied simultaneously. To maintain a
1000:1 ratio of matrix to analyte, the individual analyte
solutions were prepared to a 500:1 ratio and then mixed
together giving an overall matrix to analyte ratio of
1000:1.
First, the two analytes were investigated as equimo-
lar mixture without use of a salt layer in order to
elucidate possible differences regarding their behavior
in the desorption/ionization process. Both molecular
cation radicals were observed in almost the same abun-
dances over a wide laser fluence range, which estab-
lished that the overall efficiency for desorption and
electron transfer ionization is for both analytes roughly
the same. Therefore, when considering the metal attach-
ment behavior, discrimination against one of the ana-
lytes during desorption can be discounted. Lithium and
sodium were chosen as metals for this part of the
investigation, representing the two metals that display
the highest efficiency for the attachment while being
considerably different in their behavior. For each metal,
the chloride, bromide and iodide were studied, respec-
tively.
Analyte competition for sodium ion attachment. A typical
spectrum with a NaBr layer is shown in Figure 6a. The
molecular cation radicals of both analytes have been
observed, as well as the Na adduct ions. The important
observation is that at all laser fluences the Na adduct
intensities follow [A1-Na]
  [A2-Na]
, while the molec-
ular ion abundances are reversed, [A1]
  [A2]
. Very
similar results are also obtained with NaCl used as the salt
layer. The intensity ratio of the metal ion attachment to
Analyte 1 and Analyte 2, [A1Y]
/[A2Y]
 , is given in
Figure 7 as a function of the laser fluence.
The efficiency of the sodium attachment is distinctly
different for both analytes; an observation which is
Figure 5. Attachment fraction, F (as defined in the text), versus
laser fluence as obtained from the analysis of single salt layer
MALDI experiments with Analyte 2 using as bottom layer: Filled
square - LiBr, open inverted triangle - NaBr, filled circle - KBr. The
error bars give an estimated standard deviation (see Experimental
section).
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most likely caused by the structural difference of the
two ligands (Figure 1a and b). Analyte 1 is obviously
much more attractive for sodium ion complexation than
Analyte 2. The ligand of Analyte 1 can be regarded as
ring-opened crown ether, providing many potential
sites for interaction with the metal ion. The heteroatom
arrangement of the ligand in Analyte 2 is clearly less
favored in this competition. The sodium ion attachment
thus shows selectivity in favor of the crown ether-like
ligand.
The other intriguing finding derived from this exper-
iment is the inverse intensity order in which the molec-
ular cation radicals are observed. The more efficient,
and therefore enhanced, the metal ion attachment pro-
cess, the lower is the intensity of the molecular ion, thus
clearly reflecting the competition in the formation of
these ions. A similar trend is evident in the mass spectra
obtained by using one analyte and all metal ions
simultaneously (Figure 4). Excluding lithium (Figure
4b) and then sodium (Figure 4c) from the salt layer
gradually increases the formation of the molecular
cation radical, as those metals remaining on the target
become less efficient in the attachment reaction. The
rationalization of these findings is provided within the
framework of the ion formation mechanisms in MALDI
[31]. The neutral analyte molecule, represents the least
abundant component that is transferred into the gas
phase upon laser activation. Analyte ions may be
formed predominantly via two competing reactions
occurring in the fast expanding material plume. First,
molecular cation radicals may result from charge ex-
change between the analyte and the ionized DCTB
matrix and/or ionic fragments thereof [15, 16]. Second,
cationization may occur through the interaction of bare
metal ions with the analyte. The cross sections of each of
these competing reactions in a given situation will
determine which ions are eventually observed. If metal
attachment is less efficient, more analyte molecules may
ionize via the electron transfer route. These consider-
ations are in line with the present observation that a less
efficient metal ion attachment, such as the sodiation of
Analyte 2, is accompanied by a comparatively more
pronounced formation of the molecular ion, which is
clearly formed more abundantly for Analyte 2 than for
Analyte 1. A particularly intriguing example of how
alkali metal coordination dictates the reactivity towards
fragmentation can be found in reference [40].
Analyte competition for lithium ion attachment. Li at-
tachment is observed very abundantly for both analytes
using LiCl, LiBr, and LiI as the salt layer, respectively
(Figure 6b). The molecular cation radicals of Analyte 1
(m/z 1114) and Analyte 2 (m/z 1047) were only observed
with the LiCl salt layer, but not in the case of LiBr and
LiI. In line with the preceding discussion, this observa-
tion seems to indicate that Li attachment applying
LiBr and LiI is so efficient that the molecular ion
formation is practically suppressed. Furthermore, a
counter ion effect seems to operate, as the use of the
chloride reduces the metal attachment and allows the
electron transfer process to compete. The effects caused
by the counter ions will be discussed in more detail
below.
When comparing the Li attachment to both analytes
it is striking to note that the signal for [A1-Li]
 is nearly as
intense as the [A2-Li]
 peak, leading to a [A1Li]
/
[A2Li]
 ratio close to one (Figure 7). The reactivity
pattern for Li is thus distinctly different from the one
observed for Na. The structural differences of both
Figure 6. MALDI spectra of the equimolar mixture of both
analytes (A1:A2:DCTB  1:1:1000) on top of (a) NaBr and (b) LiBr
salt layer.
Figure 7. The filled square - [A1-Na
]/[A2-Na
] and the open
triangle - [A1-Li
]/[A2-Li
] ratios by MALDI of the equimolar
mixture on the corresponding single salt layers. (The dashed lines
are meant to guide the eye and have no physical meaning).
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analytes, which caused a clear differentiation for the
attachment with Na, are insufficient to achieve selectivity
in the attachment with Li. The Li cation with its high
charge density is obviously more reactive and attaches to
both analytes with the same high efficiency. In fact, the
observed nearly one-to-one ratio of lithiated Analyte 1 and
Analyte 2 (Figure 6) is simply a reflection of the abun-
dances of both neutral analytes in the plume, as desorbed
from the initial equimolar mixture on the target.
In turn, Na displays a lower affinity and thus
reduced reactivity with both analytes and therefore
reacts more selectively. Such an inverse relationship
between affinity/reactivity versus selectivity is a com-
mon phenomenon in chemistry.
Counter Ion Effects
This section investigates possible effects caused by the
counter ions of the alkali metals on the extent to which
metal attachment has been observed. The data have
been derived from the MALDI analysis of the individ-
ual analyte/matrix layer on a single salt layer. The
attachment of Li and Na to the individual analytes
has been investigated using Cl, Br, and I as the
counter ions. Varying the incoming laser fluence, the
metal ion attachment is studied as a function of the
counter ion by making use of the attachment fraction, F,
as introduced earlier.
For different counter ions, Figure 8a and b display
the Li attachment fractions in reactions with Analytes
1 and 2, respectively. The higher the value of the
fraction, the more important is the attachment of the
cation compared to competitive processes. The attach-
ment of Li to Analyte 1 is practically unaffected when
changing the LiI salt layer to LiBr (Figure 8a). As
discussed earlier, the attachment of Li is most efficient,
so that the attachment fraction is close to one. However,
the use of LiCl clearly leads to slightly lower attachment
Figure 8. Counter-ion effect on the attachment fraction, F, for the complexation of the Analyte 1 or
Analyte 2 with Li or Na, as a function of the laser fluence. (The dashed lines are meant to guide the
eye and have no physical meaning). Attachment fraction of [A1-Li]
 (a) derived from MALDI of
Analyte 1 using filled square - LiCl, filled inverted triangle - LiBr, and open circle - LiI, respectively.
Attachment fraction of [A2-Li]
 (b) derived from MALDI of Analyte 2 using filled square - LiCl, filled
inverted triangle - LiBr, and open circle - LiI, respectively. Attachment fraction of [A1-Na]
 (c) derived
from MALDI of Analyte 1 using filled square - NaCl and open triangle - NaBr, respectively.
Attachment fraction of [A2-Na]
 (d) derived from MALDI of Analyte 2 using filled square - NaCl and
open triangle - NaBr.
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fractions. This effect becomes even more pronounced
for the Li attachment to Analyte 2 (Figure 8b). Note the
different scales for the fraction, F, in each of the figures.
Again, there is little difference for the application of LiI
and LiBr, however, the LiCl salt layer leads to a
dramatic reduction of the Li attachment to Analyte 2.
The attachment of Na to Analytes 1 and 2 is shown
in Figure 8c and d, respectively. In line with earlier
findings, the lower affinity to both analytes is clearly
reflected by the lower fractions obtained compared to
the experiments with Li (Figure 8a and b). The most
pronounced counter ion effect is again evident for the
attachment with Analyte 2 (Figure 8d), where the use of
NaCl clearly reduces the attachment of Na. As a
general trend, the use of metal chlorides, as opposed to
the application of bromides and iodides, results in
lower cation attachment fractions.
The extent to which the metal ion attachment occurs
is thus affected by the counter anion. Reducing the size
of the anionic salt component reduces in the present
case the cation attachment. Similar findings have been
noted for the cationization of polymers [41]. This
counter ion effect correlates roughly with the lattice
energies of the salt crystals [30]. The lattice energy
decreases for larger counter ions. This makes the
break-up of the crystal energetically more feasible and
increases the concentration of cations in the gas phase.
Hence, for larger counter ions, the metal attachment is
enhanced. These findings seem to indicate that the
availability of the metal ion in the gas phase is of
influence on the extent to which a particular metal ion
attaches to the analyte. A reduction of the metal ion
availability could also come through recombination
with the counter ion. If anionic counter ions are sput-
tered from the target, recombination with the metal ions
could take place prior to the recapture of the anion by
the positively charged target holder. Since the metal ion
is more strongly bound to smaller counter ions, the
recombination becomes energetically more attractive.
The resulting reduced availability of the metal ion for
attachment could therefore also contribute to the ob-
served counter ion effect.
Conclusions
Alkali metal ion attachment to derivatized, amphiphilic
fullerenes has been investigated using MALDI mass
spectrometry. Circumstantial evidence is presented that
complexation occurs through interaction of the metal
ion with the ligand rather than with the fullerene core.
The metal ion complexation competes efficiently with
the formation of the molecular analyte ion by electron
transfer ionization. In fact, it is found that ion formation
by metal ion attachment is energetically less demanding
in terms of target activation. Metal ion complexed
analyte ions have been observed more abundantly,
displaying less fragmentation and thus implying an
overall gentler route to desorption and ionization of the
sample.
The reactivity order of the metal ions and the ana-
lytes has been established. The extent by which alkali
ion attachment has been observed increases with de-
creasing size of the metal ion. This feature is rational-
ized in terms of the variation of the charge density of
the metal ion and, connected with this, the ability of the
metal ion to polarize and interact electrostatically with
the heteroatoms of the fullerene linked ligand. The
structure of the fullerene ligand is also of profound
influence. More efficient complexation has been ob-
served with a crown ether-like ligand as opposed to a
ligand which featured one amide and two ester groups.
The halide counter ion is a further influential factor
determining the metal ion complexation in that less
cation attachment resulted with smaller counter ions.
Mechanisms by which the counter ion may affect the
availability of the metal ion for complexation have been
discussed.
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